ABSTRACT EfÞcacy of a single dip treatment in coumaphos at 0.182% active ingredient was determined against all parasitic stages of Rhipicephalus (Boophilus) microplus (Canestrini) on infested cattle exposed to various levels of rainfall immediately after treatment. One group of calves remained untreated with no exposure to rainfall to serve as a negative control. A second group of cattle treated with coumaphos, but not exposed to rainfall, acted as a positive treated control. Three additional groups of coumaphos-treated cattle were exposed to 14.3, 28.6, and 42.9 mm of rainfall, respectively. In the coumaphos-treated group not exposed to a rainfall, overall mean control (99.2%) was greater and mean female engorgement weight (200 mg), egg mass weight (43 mg), and index of fecundity (IF; 2.90) were all less than any group exposed to rainfall. Although exposure to the lowest level of rainfall (14.3 mm) resulted in substantially greater control (83.7%) with lower mean egg mass weight (65 mg) and IF (62.26) than ticks exposed to 28.6 or 42.9 mm of rainfall, differences were seldom signiÞcant (P Ͼ 0.05). This suggested that higher levels of rainfall exposure adversely impacted coumaphos efÞcacy somewhat more than lower levels of rainfall exposure. Control remained Ͼ97% against larval ticks regardless of rainfall exposure level; however, against nymphs or adults, dramatic declines in control occurred as a result of exposure to any rainfall. Thus, the movement of coumaphos treated cattle exposed to any level of rainfall would pose a high risk of dispersing viable ticks into uninfested areas.
The elimination of cattle fever ticks, Rhipicephalus (Boophilus) spp., from an area of Ͼ1,813,000 km 2 of the southeastern United States (Graham and Hourrigan 1977) during the last century was accomplished through strict adherence to regulations that were implemented and enforced by the Veterinary Services (VS) branch of the USDAÐAPHIS. Although regulation compliance and general oversight management of the Cattle Fever Tick Eradication Program (CFTEP) have always been the responsibilities of federal tick inspectors, most of the regulations mandated in the program have been established under state law. Today, the work carried out by the CFTEP occurs primarily within the state of Texas, where an active quarantine buffer zone is still maintained within the eight southernmost counties that are adjacent to the Mexico border. Consequently, most of the procedural requirements of the CFTEP have been established under the authority of the Texas Animal Health Commission (TAHC), which has responsibility for the well being of all livestock within the state.
Although the vast majority of regulations carried out by the CFTEP are based on quantitative scientiÞc data obtained from studies conducted speciÞcally against cattle fever ticks, a few regulations seem to lack direct scientiÞc support obtained from studies conducted speciÞcally against cattle fever ticks. One such regulation, which appears in the Texas Administrative Code under Title 4, Part 2, Chapter 41, Rule 41.5 (g), deals with livestock movement. The regulation states that "livestock may not move when a dip is required before movement, if rain or exposure to water results in the dip dripping to the ground before the dip dries. In such event, the certiÞcate for movement is void, and another dip is required before movement." There seems to be very little published quantitative scientiÞc data dealing directly with the effect of rainfall or water on the efÞcacy of a dip treatment for the control of Rhipicephalus (Boophilus) spp. However, the poten-tial impact of exposure to rain or water on acaricidal efÞcacy seems to have been an issue that was recognized even as early as 1912, shortly after the CFTEP was initiated. Ransom and Graybill (1912) conducted comprehensive studies with arsenical dips against cattle fever ticks and, even though the impact of rainfall was not part of their study, they reported that "the occurrence of rain at 3 and 5 d after the Þrst dip, if it had any inßuence on the results of the dipping, would have tended to diminish the effectiveness of the treatment by washing off some of the arsenic which it may be assumed was left on the bodies of the cattle after dipping." It is uncertain precisely when Rule 41.5 (g) was established as part of the mandated regulations of the CFTEP, but it is likely that the rule was created in the early years of the program, and perhaps it was even established on the basis of the assumptive statements made by Ransom and Graybill (1912) .
The paucity of published literature directly related to the adverse effect that rain and/or water has on the efÞcacy of a pesticide suggests that, although it may be a recognized phenomenon, it is an issue that has been only infrequently quantiÞed through scientiÞc study. In more recent years, almost certainly after Rule 41.5 (g) was enacted in the CFTEP regulations, a few studies on insects and ticks have addressed this issue in a cursory manner. Studies conducted on the apple maggot, Rhagoletis pomonella (Walsh), using insecticide-treated spheres showed that effectiveness of the treated spheres diminished after successive rainfall exposure events, such that exposure to accumulated rainfall totals of Ϸ12.7 and 15.2 cm over 5-and 6-d periods reduced the killing power of imidacloprid to 86 and 85%, respectively, and diazinon to 72 and 65%, respectively (Hu et al. 2000) . Against the tobacco budworm, Heliothis virescens (Fabricius), on cotton, it was reported that bifenthrin provided 4 Ð 6 d of control in the absence of rain, whereas in the presence of rain, effective control was Ͻ3 d after treatment (Long et al. 2000) . Miller et al. (2004) found that one washing of permethrin-treated military battle dress uniforms reduced the concentration by 60%, but additional washings (up to 20) produced no further reduction; however, even after 20 washings, the treated uniforms still reduced the probing time of mosquitoes by 2.5-fold compared with untreated uniforms. In studies against the lone star tick, Amblyomma americanum L., it was reported that permethrin-treated clothing still provided 100% control after 33Ð50 rinses in cold water, indicating little loss of efÞcacy after repeated exposure to water (Schreck et al. 1978) . In a single study conducted against Rhipicephalus (Boophilus) microplus (Canestrini), results showed that the effectiveness of coumaphos was reduced when treated engorged females were rinsed in clean water within 1 min after treatment, but rinsing ticks at 5 min up to 8 h after treatment had no effect on the efÞcacy of the acaricide (Soffer et al. 1988) . These studies, for the most part, tend to conÞrm the theory that exposure to rainfall or water after treatment reduces the efÞcacy of a pesticide treatment to some degree.
The purpose of this study was to quantify the level of control that could be expected when cattle infested with R. (B.) microplus were exposed to rainfall events of various levels immediately after a single dip treatment in coumaphos. The results of this study should provide critical quantitative information to eradication personnel in evaluating the risk associated with exposure to rainfall as a potential means of creating outbreaks during the process of moving cattle from infested to tick-free areas.
Materials and Methods
This study was conducted at the USDAÐARS, Cattle Fever Tick Research Laboratory (CFTRL), Edinburg, TX. Twenty Hereford heifer calves weighing Ϸ200 kg each that had no prior exposure to Rhipicephalus (Boophilus) ticks were used in the study. Throughout the study, except during the actual treatment event, each calf was stanchioned separately in a 3.3 by 3.3-m stall inside an open-sided barn under ambient conditions, except that no direct sunlight or rainfall could reach the animal. The Las Palmas strain of R. (B.) microplus used in the study originated from an outbreak of ticks collected in Zapata Co., TX, in 2005. From the time the strain was collected until the initiation of the study, when ticks were in the F 8 generation of colonization, ticks were maintained under standard laboratory conditions described by Davey et al. (1999) , with no exposure to any acaricide during the colonization process. Laboratory bioassays conducted on most of the colonized generations before the study showed that, in comparison to a known susceptible reference strain, the strain used in the study was equally susceptible to all major classes of acaricides (R.J.M., unpublished data).
Simulated Rainfall System. To simulate rainfall exposure on tick-infested cattle treated with coumaphos, a framework of 2.54-cm-diameter plastic polyvinyl chloride (PVC) piping was constructed and suspended at 1 m below the roof that covered the drain pen where treated cattle were held immediately after dipping. The framework of PVC pipe formed a 3.66 by 3.66-m square with an additional single PVC outlet situated in the exact center of the square PVC framework (1.83 m from each side). A total of nine commercial sprinkler heads (Rainbird, Glendora, CA) were evenly spaced within the PVC framework (location described below) at a height of 2.29 m above the ßoor of the drain pen. At each of the four corners of the square PVC framework, a model 1804-Q pop-up sprinkler head was attached, which provided a quarter-circle (90Њ) output pattern. At equal distance between each of the four corners of the framework, a model 1804-H pop-up sprinkler head was attached, which provided a half-circle (180 o ) output pattern. Finally, a single model 1804-F pop-up sprinkler head was attached to the center mounted PVC outlet, which provided a full-circle (360 o ) output pattern. Once all of the sprinkler heads were attached, they were oriented so that their output patterns were directed toward the interior of the square to provide an even distribution of water over the entire square framework suspended above the drain pen. The water source supplying the PVC framework and sprinkler heads was routed through a manually adjustable stopcock valve and then through a model 04N316MT5 electronic digital ßow meter (Great Plains Ind., Wichita, KS), which afforded a means of regulating and monitoring the ßow rate of water reaching the sprinkler heads.
Study Design and Treatment Procedures. The 20 calves used in the study were randomly divided into Þve equal groups (four calves per group). Before treatment, each calf was infested on three separate occasions at Ϫ20, Ϫ13, and Ϫ6 d with Ϸ5,000 larvae that were 2Ð 4 wk old. Each infestation on each calf was achieved by gluing a cotton-plugged 16 by 70-mm (2 dram) shell vial containing the larvae to the midline of the back of the animal between the shoulder blades using branding cement. When the vial was secure, the cotton plug was removed, allowing the larvae to disperse freely over the entire body of the animal. This infestation pattern allowed for the determination of the overall effect of each treatment against all ticks on the calves at the time of treatment. In addition, the 7-d interval between each pretreatment infestation afforded a means for speciÞcally evaluating the effect of each treatment against ticks that were in the adult (Ϫ20-d pretreatment infestation), nymphal (Ϫ13-d pretreatment infestation), and larval (Ϫ6-d pretreatment infestation) stage at the time the treatments were applied.
Before any calves were treated, a standard concrete total immersion plunge dipping vat with a capacity of 11,336 liters was Þlled with water, and a 42% ßowable formulation of coumaphos (CoRal; Bayer, KS City, MO) was added to the water. The volume of ßowable coumaphos added to the water was calculated to obtain a target concentration of 0.165% active ingredient (AI), which is the concentration that is required in the CFTEP for treating cattle within the U.S. quarantine zone. Once coumaphos was added, the vat solution was mixed thoroughly for 20 min, and samples were taken both before and immediately after all calves were dipped. These samples were sent to the USDAÐ APHIS, National Veterinary Services Laboratory (NVSL), Ames, IA, where high-performance liquid chromotography (HPLC) analysis was conducted to verify the concentration of coumaphos at the time of treatment. Also, before any calves were treated, the simulated rain system was calibrated. The stopcock valve was opened to produce a ßow rate of 12.3 liters/ min to the sprinkler heads, which delivered an even output of 57.2 mm of simulated rainfall per hour over the entire PVC framework covering the drain pen. This level of rainfall was chosen because it best reßected the rainfall pattern of the region. Although the average annual rainfall for the region is only 550 mm/yr (NOAA 1983) , the majority of the rainfall comes in the form of cloudbursts associated with frontal passages in the late fall through early spring months and tropical systems in the late spring through mid-fall months. Consequently, this rainfall pattern often produces intense rainfall (Ն57.2 mm/h) of short duration (Յ45 min).
Once the vat was charged and the rainfall system was calibrated, each of the Þve groups of calves was assigned to a different treatment group. One group of calves, hereafter designated as UNTRTED, was assigned as an untreated negative control group, to which all other groups were compared during data analysis. Calves from this group (UNTRTED) were not treated with coumaphos, nor were they exposed to a rainfall event. A second group of cattle, hereafter designated as COUϩNORAIN, was assigned as a positive control treatment group. Calves from this group (COUϩNORAIN) were treated with coumaphos in the dipping vat, but they were not exposed to a rainfall event. This group of calves was included in the study to evaluate the efÞcacy of coumaphos that would be expected when cattle were treated under normal dipping procedures required in the CFTEP. A third group of cattle, hereafter designated as COUϩ14.3MMR, was treated in the coumaphos charged dipping vat. Once the excess vat liquid was allowed to drain off of the cattle in the drain pen (Ϸ 2 min), the simulated rainfall system was turned on at the previously described rate. The calves were held under the simulated rain system for a period of 15 min, after which the rain system was turned off, thus exposing the cattle to a rainfall event of 14.3 mm. The fourth group of calves, hereafter designated as COUϩ28.6MMR, was treated in the same manner as the third group except the calves were held under the simulated rainfall system for 30 min, thereby exposing them to a 28.6 mm rainfall event immediately after treatment with coumaphos. The Þfth group of animals, hereafter designated as COUϩ42.9MMR, was dipped in the coumaphos vat liquid, and the excess liquid was allowed to drain from their bodies (Ϸ2 min) before being exposed to the simulated rainfall system for a period of 45 min, thus exposing the calves to a rain event of 42.9 mm.
Evaluation Procedures for Overall Effect of Treatments. From the day after treatments were applied (day ϩ1) and through 21 d after treatment (day ϩ21), engorged females that detached from each calf on each day were collected and counted. Therefore, tick collections were obtained for 27 d after the last pretreatment infestation, by which time Ն90% of all ticks infesting the calves would have been expected to have detached (Hitchcock 1955) . A random sample of up to 10 engorged female ticks was saved on each day from each calf (whenever possible) to provide ovipositional, fecundity, and fertility data. Ticks in each daily sample from each calf were weighed collectively and placed in a coded petri dish (9 cm diameter) inside an incubator at 27 Ϯ 2ЊC with 92% RH and a 12:12 h (L:D) photoperiod. Females were allowed to lay eggs for 20 d after which the spent female was discarded, egg masses were weighed, and the eggs were placed in a coded 25 by 95-mm (8 dram) shell vial and returned to the incubator. At 4 wk after eggs were weighed, the percentage hatch of each sample group was determined as reported by Davey and George (2002) by estimating the proportion of larvae in relation to the In addition to evaluating the effect of the treatments on the IF and percentage control, biological data (female engorgement weight and weight of the egg mass) obtained from each calf from each daily sample of saved ticks in each group of calves were also compared to determine whether treatments had any measurable effects on the biology of surviving ticks.
Evaluation Procedures for Treatment Effect on Each Parasitic Development Stage. The 7-d interval between each pretreatment tick infestation, along with the detachment pattern of R. (B.) microplus reported by Hitchcock (1955) showing that Ն90% of all ticks infested at the same time will detach 21Ð27 d after they acquire a host, afforded a means of classifying and evaluating the level of control against each individual development stage of the tick (larvae, nymphs, and adults). Ticks recovered at 1Ð7 d after treatment, originating from the Ϫ20-d pretreatment infestation, were classiÞed as adults at the time of treatment. Ticks collected at 8 Ð14 d after treatment, originating from the Ϫ13-d pretreatment infestation, were classiÞed as nymphs at the time of treatment. Finally, ticks that detached at 15Ð21 d after treatment, originating from the Ϫ6-d pretreatment infestation, were classiÞed as larvae at the time of treatment. After the data were assigned to one of the three classiÞcation categories for parasitic development stage, the daily IF values for each calf within each treatment group were summed for the 7-d interval that constituted the appropriate development category and compared with the mean IF value for the untreated control group (UNTRTED) that had the same developmental designation. The degree of control obtained for each treatment group was determined using the equations described above.
Data Analyses. Data obtained for number of ticks per calf, IF, and percentage control were tabulated by using each calf as the experimental unit, whereas tabulation of female engorgement weight and egg mass weight were based on the daily mean values of sampled females saved from all calves within each of the Þve groups over the entire evaluation period. To determine the overall effect of the treatments, the untreated and treated groups were subjected to a oneway analysis of variance (ANOVA); however, if the data were not normally distributed, a nonparametric Kruskal-Wallis test on ranks was conducted (Systat Software 2006). Differences (P Ͻ 0.05) among means analyzed by ANOVA were determined by the HolmSidak all pairwise comparison, whereas differences among means analyzed by Kruskal-Wallis were determined by TukeyÕs all pairwise comparison method. The effect of the treatments on each parasitic development stage of the ticks was determined by a twoway ANOVA in which development stage and treatment group were the main effects and differences among means were determined by the Holm-Sidak all pairwise comparison method (Systat Software 2006) . Before analysis, all percentage control data were transformed to arcsine square root scale, whereas the calculated IF value was transformed to log scale for analysis. However, for ease of understanding, all data within the tables are presented in the form of untransformed rather than transformed means.
Results
Although the target concentration of the coumaphos dip treatment was 0.165% (AI), USDAÐAPHIS NVSL analysis of vat samples showed that the actual concentration was 0.182% (AI). Thus, the effects of rainfall evaluated in this study were based on the actual concentration.
Overall Effect of Treatments. There were differences in the number of ticks per calf among the different treatment groups (H ϭ 15.0; df ϭ 4; P Ͻ 0.001, Tukey; Table 1 ). Although the UNTRTED group produced the greatest number of ticks per calf of all groups, differences were not signiÞcant (P Ͼ 0.05) in comparison to the three groups exposed to rainfall after treatment. Conversely, although the COUϩ NORAIN group produced the fewest number of ticks per calf of all groups, differences were signiÞcant (P Ͻ 0.05) only in comparison to the UNTRTED group and the COUϩ26.8MMR group.
Analysis of female engorgement weight of ticks recovered from the Þve groups showed that females recovered from the COUϩNORAIN group weighed signiÞcantly less (H ϭ 85.1; df ϭ 4; P Ͻ 0.001, Tukey) than females obtained from all other groups (Table 1) . There was no difference (P Ͼ 0.05) in engorged female weight of ticks recovered from the UNTRTED group or any of the groups exposed to a rainfall event after treatment, even though untreated females weighed somewhat more than any of the rainfallexposed groups.
There were signiÞcant differences (F ϭ 45.0; df ϭ 4,385; P Ͻ 0.001, Holm-Sidak) in egg mass weight produced by surviving females in each group, except those exposed to the two highest levels of rainfall (COUϩ28.6MMR and COUϩ42.9MMR) after treatment (Table 1) . Mean egg mass weight of UNTRTED females was signiÞcantly greater (P Ͻ 0.05) than all other groups, whereas egg masses produced by COUϩNORAIN females weighed signiÞcantly less (P Ͻ 0.05) than all other groups. Females recovered from the COUϩ14.3MMR group produced egg masses that weighed signiÞcantly less (P Ͻ 0.05) than the COUϩ28.6MMR and COUϩ42.9MMR groups, which were not different (P Ͼ 0.05) from each other.
The mean IF values of females in the Þve groups followed the same general trend as that of other measured parameters (Table 1 ). The IF (reproductive capacity) of UNTRTED females was signiÞcantly greater (F ϭ 51.7; df ϭ 4,15; P Ͻ 0.001, Holm-Sidak) than that of all other groups, except the COUϩ 28.6MMR group. Once again, IF of the COUϩ NORAIN group was signiÞcantly less (P Ͻ 0.05) than all other groups. There was no signiÞcant difference (P Ͼ 0.05) between the IF values of all groups exposed to a rainfall event after treatment, even though the IF of the COUϩ14.3MMR group was substantially less than groups exposed to the two higher rainfall levels.
The COUϩNORAIN group provided 99.2% control, which was signiÞcantly greater (F ϭ 17.8; df ϭ 3,12; P Ͻ 0.001, Holm-Sidak) than any of the groups exposed to rainfall immediately after treatment (Table 1) . There was no statistical difference (P Ͼ 0.05) among any of the groups exposed to a rainfall event after treatment, even though the COUϩ14.3MMR group provided a level of control (83.7%) that was greater than the COUϩ28.6MMR (66.9% control) or the COUϩ42.9MMR (71.8% control) group.
Effect of Treatments on Each Parasitic Development Stage. Two-way ANOVA analysis of the classiÞed data showed signiÞcant differences within both main factors (parasitic development stage: F ϭ 38.0; df ϭ 2,36; P Ͻ 0.001, Holm-Sidak; treatment group: F ϭ 26.1; df ϭ 3,36; P Ͻ 0.001, Holm-Sidak), as well as a signiÞcant interaction effect (F ϭ 3.7; df ϭ 6,36; P Ͻ 0.005, Holm-Sidak), indicating the two main factors were not acting independently of each other ( Table  2) . Analysis of data within treatment group across the Mean values within the same column tested either by one-way ANOVA or nonparametric Kruskal-Wallis test on ranks; means followed by the same letter are not signiÞcantly different (P ϭ 0.05) determined either by Holm-Sidak (ANOVA) or Tukey (Kruskal-Wallis) all pairwise method.
Number of females per calf (H ϭ 15.0; df ϭ 4; P Ͻ 0.001, Tukey); female engorgement weight (H ϭ 85.1; df ϭ 4; P Ͻ 0.001, Tukey); egg mass weight (F ϭ 45.0; df ϭ 4,385; P Ͻ 0.001, Holm-Sidak); IF (F ϭ 51.7; df ϭ 4,15; P Ͻ 0.001, Holm-Sidak); percentage control of the IF (F ϭ 17.8; df ϭ 3,12; P Ͻ 0.001, Holm-Sidak).
UNTRTED, untreated control group; COUϩNORAIN, coumaphos treated with no rainfall exposure; COUϩ14MMR, coumaphos treated and exposed to 14.3 mm of rainfall; COUϩ28.6MMR, coumaphos treated and exposed to 28.6 mm of rainfall; COUϩ42.9MMR, coumaphos treated and exposed to 42.9 mm of rainfall. All means tested by two-way ANOVA with the main factors being tick development stage and treatment group; differences among means determined by the Holm-Sidak all pairwise method; means within the same column (development stage) followed by the same letter are not signiÞcantly different (P ϭ 0.05); means within the same row (treatment group) followed by the same letter enclosed in parentheses are not signiÞcantly different (P ϭ 0.05).
Analysis by stage (F ϭ 38.0; df ϭ 2,36; P Ͻ 0.001); analysis by treatment group (F ϭ 26.1; df ϭ 3,36; P Ͻ 0.001); interaction analysis, stage ϫ treatment group (F ϭ 3.7; 6,36; P Ͻ 0.005).
COUϩNORAIN, coumaphos treated with no rainfall exposure; COUϩ14MMR, coumaphos treated and exposed to 14.3 mm of rainfall; COUϩ28.6MMR, coumaphos treated and exposed to 28.6 mm of rainfall; COUϩ42.9MMR, coumaphos treated and exposed to 42.9 mm of rainfall. three parasitic developmental stages (larvae, nymphs, and adults) showed that, in the COUϩNORAIN group, control remained Ͼ98%, regardless of development stage with no difference (P Ͼ 0.05) among the means. However, in each of the three coumaphostreated groups exposed to a rainfall event, control was signiÞcantly greater (P Ͻ 0.05) against ticks in the larval stage of development at the time of treatment than against ticks in either the nymphal or adult stage, which were not different (P Ͼ 0.05) from each other.
Data analysis within parasitic developmental stage across the four coumaphos-treated groups (COUϩ NORAIN, COUϩ14.3MMR, COUϩ28.6MMR, and COUϩ42.9MMR) showed the level of control obtained against ticks in the larval stage at the time of treatment was Ͼ97%, regardless of whether cattle were exposed to rainfall or not, and there was no differences (P Ͼ 0.05) among the means. Conversely, against ticks in the nymphal stage of development, results showed that control in the COUϩNORAIN group was signiÞcantly greater (P Ͻ 0.05) than any group exposed to a rainfall event. Ticks treated as nymphs in the COUϩ14.3MMR group produced signiÞcantly greater (P Ͻ 0.05) control than that of the COUϩ28.6MMR group, whereas the COUϩ42.9MMR group was intermediate between the other two groups exposed to rainfall. Results obtained from ticks treated during the adult stage of development again showed that the COUϩNORAIN group provided signiÞcantly greater (P Ͻ 0.05) control than all groups exposed to a rainfall event. However, unlike the results obtained against nymphs, the three groups exposed to rainfall showed no signiÞcant differences (P Ͼ 0.05) among any of the three means.
Discussion
Results clearly showed that exposure of tick infested cattle to a rainfall event of any amount immediately after a single dip treatment with coumaphos at 0.182% (AI) had signiÞcant adverse effects on the efÞcacy of coumaphos. The only group that achieved the Ն99% standard of control that is the minimum control considered adequate for use in the CFTEP was coumaphos treatment followed by no exposure to rainfall (COUϩNORAIN). With few exceptions, the adverse effects on the ticks obtained from the COUϩNORAIN group were signiÞcantly greater (P Ͻ 0.05) than ticks recovered from any group exposed to any amount of rainfall after treatment. These results were consistent with a previous study that reported that Rhipicephalus (Boophilus) spp. dipped in coumaphos at 0.12% (AI), with no exposure to rainfall after treatment, provided Ͼ99.9% control (Davey and Ahrens 1982) . Furthermore, Davey et al. (1997) stated the efÞcacy of coumaphos applied as a dip treatment at 0.165% (AI), with no rainfall exposure, was virtually 100% against each parasitic development stage, although, as was the case in this study, slightly more ticks treated during the adult stage were able to reach repletion than were recovered when ticks were in the larval or nymphal stage.
Analysis of the three groups of ticks exposed to varying levels of rainfall after treatment with coumaphos showed few statistical differences (P Ͼ 0.05) among groups for each of the measured parameters. This indicated that exposure to increasing amounts of rainfall produced no additional signiÞcant decreases in the efÞcacy of coumaphos beyond the adverse effects that occurred at the lowest level of rainfall exposure (14.3 mm of rainfall). It seems noteworthy that in both the overall and stagewise analyses, there were numerous instances where exposure to the lowest level of rainfall produced substantially greater adverse effects on the ticks, with a substantially greater level of control, than either of the groups exposed to the two higher levels of rainfall. Females exposed to 14.3 mm of rainfall produced a mean egg mass weight and IF value that were substantially less than ticks exposed to 28.6 and 42.9 mm of rainfall, with a correspondingly greater level of control. Therefore, from a biological perspective, results suggested that exposure to lower levels of rainfall after treatment had a less adverse impact on the efÞcacy of coumaphos than exposure to higher levels of rainfall.
The only group of coumaphos-treated ticks showing virtually no change in the level of control across the three parasitic development stages (larvae, nymphs, and adults) was the group not exposed to any rainfall after treatment (COUϩNORAIN). Within each treated group exposed to a rainfall event, the level of control against larvae was signiÞcantly greater than was observed against nymphs and adults, with differences ranging from 19.4 to 54.3%. These results were not altogether surprising because previous studies conducted at our laboratory, using different classes of chemical agents and both acaricide-susceptible and -resistant R. (B.) microplus ticks, repeatedly resulted in greater levels of control against larvae than against adults and oftentimes nymphs , 1999 , 2001 , 2003 , George and Davey 2004 . Conversely, the uniformity of the greater levels of control (Ͼ97%) and nonsigniÞcant differences observed among the four coumaphostreated groups against ticks in the larval development stage were somewhat surprising, especially given that the COUϩNORAIN group produced the greatest control and adverse effects against ticks in all parameters evaluated. The greater control of larvae in all treatments could have resulted from many factors, such as longer exposure time to acaricide in larvae than adults or nymphs, a greater surface area to volume ratio in larvae than in nymphs and adults, or perhaps differential developmentally regulated expression of cuticular proteins in different life stages, as has been reported in the African malaria mosquito, Anopheles gambiae Giles (Togawa et al. 2008) , and the yellow mealworm, Tenebrio molitor L. (Roberts and Willis 1980) . However, identiÞcation of the exact reason(s) for the greater larval mortality across all treatments would require further studies.
The fact that mortality remained Ͼ97% against larval ticks, regardless of the amount of rainfall exposure, as well as the Þnding that low level rainfall exposure impacted the efÞcacy of coumaphos substantially less than high level rainfall exposure, was of little consequence because exposure to any level of rainfall reduced the efÞcacy of coumaphos well below the 99% standard of control set as the minimum acceptable level for use in the program. The ultimate objective of the CFTEP is the total elimination of ticks on livestock and/or premises; thus, the survival of even small numbers of viable ticks after acaricide treatment poses an enormous risk of dispersing ticks and establishing an outbreak in uninfested areas both inside and outside the quarantine zone. From the perspective of the CFTEP, results of this study clearly and quantitatively conÞrmed the critical need for maintaining and strictly enforcing Rule 41.5 (g) of the Texas Administrative Code, which prevents the movement of livestock when exposure to water or rain occurs after treatment with the acaricide, coumaphos.
